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CHAPTER-I 
INTRODUCTION 
1.1 Historical Background 
Experimental study of nucleus-nucleus collisions at 
high energies became possible only after the discovery of 
heavy nuclei in cosmic rays in 1948 by Frier et al (1). Bradt 
and Peters performed a number of experiments to study the 
collision of relativistic nuclei observed in cosmic rays(2-5). 
Although encumbered by low intensities and uncertainties in 
charge, mass and energy determination, experimental studies 
of nucleus-nucleus collisions using cosmic rays revealed 
important aspects of high energy collisions of nuclei. Early 
experiments were concerned with meson production by a-particles 
and heavier nuclei. Investigation by Jain et al (6), Alexander 
and Yekutieli (?), Tsuzuki (8), Rybicki (9), Abraham et al (10) 
and Anderson et al (ll) are representative studies of shower 
particle production in cosmic ray collisions in the energy 
3 
range 1 to 10 A GeV. The results of the works described above 
as well as of the experiments by university of Lund group (11-14) 
were in qualitative agreement with the hypothesis that nucleus-
nucleus collisions could be described as a superposition of 
independent nucleon-nucleon, nucleon-nucleus or a-a collisions. 
. 9 • 
The interest in the study of nucleus-nucleus collisions 
increased dramatically ever since beams of nuclei became 
available at Berkeley with energies up to 2.1 A GeV and at 
Dubna with energies upto 4.5 A GeV. The interest in the 
high energy nucleus-nucleus collisions has also been generated 
by the fact that nucleus-nucleus collisions offer the possibility 
of studying nuclear matter under conditions of high density and 
high temperature. It has been speculated that under such 
conditions nuclear matter may undergo phase transition and a 
lot of exotic phenomena, e.g., production of quark-gluon plasma, 
shock waves etc. could occur. 
Availability of relativistic beams of nuclei also provided 
an opportunity to study the nuclear fragmentation in a systematic 
manner. Knowledge of fragmentation characteristics is required 
for solutions of a number of problems of astrophysics, cosmic ray 
physics and radiation physics. 
1.2 Classification of Nucleus-Nucleus Collisions 
From the geometric point of view, the characteristic 
features of nucleus-nucleus collisions at relati^'istic energies 
depend on the impact parameter. The collisions are classified 
as peripheral, quasi central and central collisions depending 
on the value of impact parameter (Fig. 1.1). If R, and R2 
are the raddii of the projectile and target nuclei respectively 
and b is the impact parameter then b ^  (R. + R2)» for peripheral 
collisions, (R, + R2) > b >^  |R, - R2I for quasi-central collisions 
and 0 £ b < JR, - R2I for central collisions. 
: 3 
PERIPHERAL COLLISION 
( a ) WITH PURE PROJECTILE 
AND TARGET NUCLEUS 
FRAGMENTATION • 
'TF 
(R. + Ro)>b-lRrn2l 
(b) 
0 f i ' " ' ' i tan 0 / 2 qp 
QUASI-CENTRAL 
COLLISION 
0 < b < | R , - R 2 l 
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r ) - - l n t a n 0 / 2 f\p 
CENTRAL COLLISION 
In tan G/2 HP 
Fig. 1.1 A schematic ou t l ine of pseudo-rapidi ty 
d i s t r i b u t i o n s in heavy ion r eac t ions 
a t high energy. 
• 4 • 
In peripheral collisions, the colliding nuclei are well 
separated in their centres. This allows only a small momentum 
transfer between the nuclei, leading to the break up of one of 
both of them Unto fragments. The characteristics of the emitted 
fragments are determined by the intrinsic fermi momentum distri-
bution of nucleons within the fragmenting nucleus (15). The 
projectile fragments are emitted within a narrow cone around the 
beam direction while the target fragments are distributed nearly 
isotropically in the laboratory frame. The rapidity distribution 
consists of projectile and target fragmentation regions which 
are well separated at relativistic energies. 
In quasi-central and central collisions the projectile 
and target nuclei are close and closer to each other. The diff-
erence in the two types could be understood on the basis of 
number of nucleons taking part in the collision. In both cases, 
the whole of the kinematically allowed rapidity space is avai-
lable for produced particles, the difference being in the degree 
of population of the central region. In central collisions which 
are more violent and complex, we expect complete extinction of 
projectile fragments. 
1.3 Reaction Cross Section 
Relativistic nucleus-nucleus reaction cross-sectiong 
4 12 14 have been measured with different projectiles ( He, C, N, 
•••^0 and "^ A^r) with energies of 2.1 A GeV (16,17) and 0.15-0.2 
A GeV (18). Some measured values of reaction cross section of 
• 5 • 
different projectile/target combinations are given in table 1.1. 
A parametrization of reaction cross seption <y_, of the following 
form was proposed by Bradt and Peters (5). 
2 1/3 1/3 
Op^  = 11 r^ (A^ + Ap - S ), (1.1) 
where Ap and A- are the mass numbers of p r o j e c t i l e and 
t a rge t nuclei^ S i s the overlap parameter and r = 1 . 2 fm. 
The parametr izat ion was found to be co r r ec t to within lOji for 
-all the p r o j e c t i l e and t a rge t combinations. Inves t iga t ions by 
Lindstrom e t al (19) gave the evidence tha t Bradt -Peters overlap 
parameter i s not constant but depends upon the mass numbers of 
p r o j e c t i l e and t a r g e t . 
Heckman e t a l (20) have measured the mean free paths for 
4 12 14 16 
He, C, N and 0 nuclei a t 2 .1 A GeV in nuclear emulsion. 
By f i t t i n g the mean free path data to Karol*s soft sphere model 
(21) , they determined the mean nucleon-nucleon c ross -sec t ion , 
which could be accounted by Equation (1.1) with r = 1.36 fm 
and o = 1.11. Here b is presumed to be constant . Experiments 
of Westfall e t a l (22) with heavy ^^Fe p r o j e c t i l e a t 1.88 A GeV 
and t a r g e t spread over whole of the per iodic t ab le (H, L i , C, S, 
Cu, Ag, Ta, Pb, U) a lso confirm the above observa t ions , giving 
r^ = 1.47 + 0.04 fm and S = 1,12 + 0 .16 . Recently Mangotra e t - a l 
(23) and Bharati (24) have also measured the mean free paths of 
Fe a t 1.7 A GeV and "^ ^Ar a t 1.8 A GeV in nuclear emulsions 
: 6 : 
Table 1.1 
Measured values of reaction cross-section (barns) for 
different projectile/target combinations (19) 
Target Projectile 
•••H - 0.25+0.02 0.34+0.02 0.68+0.05 0.75+0.05 
12^ 0.23+0.01 0.81+0.02 0.98+0.02 1.52+0.06 1.66+0.06 
32g - 1.22+0.05 1.37+0.05 2.13+0.09 
64 
Cu 0.78+0.02 1.71+0.03 1.90+0.03 2.85+0.08 2.94+0.10 
^°®Ag _ _ - 3.47+0.11 3.71+0.14 
^°®Pb 1.78+0.05 2.97+0.06 3.24+0.07 4.51+0.16 5.10+0.27 
5,0 +0.24 5.92+0.29 
• 7 • 
and found tha t the r e l a t i o n of Bradt -Peters (4) i s cons i s t en t 
with the experimental da t a . 
1.4 Nuclear Fragmentation 
1.4.1 Project i le fragmentation 
Information on p r o j e c t i l e fragmentation comes from single 
p a r t i c l e inclus ive experiments. In s ingle p a r t i c l e inc lus ive 
experiments, the reac t ion i s 
B + T > F + X, 
where B and T represent the beam and target nuclei, F is 
the (single) detected fragment, and X refers to all other 
(undetected) reaction products. 
An important aspect of these experiments is the possibility 
of interpreting the data in terms of high energy concepts of 
litaiting fragmentation (25) and factorization (26). In limiting 
fragmentation, the distribution of products with finite energies 
in the rest frame of projectile or target approaches a limiting 
form as the bombarding energy increases. Experimental results 
on limiting fragmentation demonstrate that in a given range of 
bombarding energies, a particular distribution shows a negligible 
change. In the case of factorization, the cross section for the 
production of a particular projectile fragment may be written as 
the product of a factor y-r* depending only on the target and a 
factor YD» depending only on the beam and fragment. The roles 
: 8 : 
of projectile and target may be interchanged to describe the 
target fragmentation. In the language of nuclear physics, both 
factorization and limiting fragmentation are examples of Bohr's 
independence hypothesis for decay products of a compound nucleus 
(27). This amounts to the statement that the object emitting a 
fragment keeps little or no memory of the formation or excitation 
mechanism that produced it. However, factorization seems to 
hold only for products of peripheral collisions and in particular 
does not hold for total cross-section. 
1.4.2 Nucleus-nucleus cross Section 
Measurements of the total nucleus-nucleus cross section 
o-j- have been made by Jaros et al (38) for light nuclei P, d, 
"^ He and ^^C at 0.87 A GeV and 2.1 A GeV. The total cross 
section cfj (AA) at 2.1 A GeV for identical target and projec-
tile masses are shown in fig. (1.2). The Glauber theory for 
nucleon-nucleus collisions has been extended to nucleus-nucleus 
collisions by Czyz (29) and used to predict the total inelastic 
and reaction cross sections. The theory is essentially geometrical 
1/3 1/3 
and predicts that a_ a (A^' + Ag' ) . Thus Glauber theory 
2/3 predicts that a^ a A . Another possible A dependence of 
a- would be factorization form: 
a^(AA) = a^(pA)/o^(pp). (1.2) 
The experimental data of Jaros et al (28) showed agreement with 
Glauber theory, indicating that the factorization hypothesis holds 
: 9 t 
10000 
1000 
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y h-
100 
10 
/ / 'GLAUBER THEORY-
• EXPERIMENTAL POINTS 
J L 1 M i l l J L 
5 10 
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50 
Fig. 1.2 Measured total cross sections 
a(AA) vs A compared with 
predictions by Glauber theory 
and from factorization(ii8). 
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predictably at high energies. Nagamiya et al (30) and also 
Frankel et al (31) made systematic measurements for production 
cross sections for a numbers of projectile/target/energy 
combinations of light nuclei. 
1.5 Shock Waves 
At relativistic velocities the speed at which projectile 
nucleus traverses the target may exceed the speed of sound in 
nuclear matter. This allows the formation of shock waves 
characterized by discontinuities in density, pressure and 
temperature. Regions of high nuclear density (2-4 times the 
normal density) and high temperature^ called shock zones, are 
expected to be created along the direction of propagation of 
shock waves. 
The concept of shock waves when a high energy projectile 
moves through a nucleus was proposed by Glassgold et al (32). 
Later, several theoretical models for nuclear shock waves were 
suggested. The predicted angular distributions of nuclear matter 
are different in different shock wave models. Some models 
pradict comparatively narrow peaks at a straight angle for 
conical shock front (33-36), whereas other models predict broad 
forward-peaked distributions (37). 
A number of experiments have been performed to search 
for shock waves. The experiments of Baumgardt at al (38,39) 
shows comparatively sharp peaks in the angular distribution of 
particles emitted from high multiplicity collisions in the 
: 11 : 
bombardment of AgCl crystals with He, C and 0. The 
position of the peak moves with projectile energy from 35° at 
250 MeV/A to 50° at 87 MeV/A. For large energies the peak 
disappears reappearing for 2 A GeV at 75° then shifting to— 50° 
at 4 A GeV. These peaks were interpreted as evidence for the 
formation of shock waves. In the inclusive experiments of 
Poskanzer et al (40), no narrow peaks were found in the angular 
spectra of He and He emitted in 0 bombardment of Ag and U 
nuclei at 1.05 A GeV/c. The experiment of Jakobsson et al (41), 
shows broad angular distribution of the target particles which 
are centered around 60° for 0.2 A GeV/c and almost isotropic 
at 2.0 A GeV/c. The angular distributions are in quantitative 
agreement with shock wave calculations. However, they did not 
observe any narrow peaks, neither in the angular nor in the 
energy distributions of He nuclei. The study of Chernov et al 
(17) does not show any peaks in the angular distribution of 
14 target fragments from N-Em collisions at 2,1 A GeV. Recently 
Ghosh et al (42) studied the correlations among the target 
fragments and found that there are some short range correlations 
among the target fragments, which may indicate shock waves 
formation in nucleus-nucleus collisions. 
1.6 Anomalons 
Some early cosmic ray experiments reported a few unusual 
events wherein a projectile fragment (PF) originating from a 
heavy cosmic ray interaction produced a chain of interactions in 
: 12 : 
its passage through the emulsion. The distances between these 
interactions were found to be much smaller than normal mean free 
path (mfp) could account for. These fragments of short mean free 
path were named anomalons* Because of limited statistics, and 
possible systematic uncertainties, these observations were not 
widely accepted, 
'The situation rapidly changed with availability of 
relativistic heavy ion beams. Controlled high statistics 
experiments are now possible with such beams and various types 
of detection schemes may be employed. Judek (43) exposed nuclear 
emulsion to 2.1 A GeV 0 beam of Bevalac and obtained a partial 
confirmation of her earlier cosmic ray results. Friedlander et al 
(44) reported the results of their similar investigation performed 
with Fe and 0 beams from the LBL Bavalac at about 2 A GeV. 
These results confirmed the existence of anomalons. In fact they 
even gave qualitative estimates that the projectile fragments 
seemed to contain a 6yi admixture of anomalons with a mfp of about 
2.5 cm in nuclear emulsion. 
Many experiments have been performed to study the anomalous 
behaviour of Z = 2 fragments. A high statistic experiment has 
been performed by Jain et al (45) to study the anomalous behaviour 
of Z = 2 fragments. They studied the behaviour of fragments 
from collisions of Ar, Fe and Kr vath emulsion at 
energy oy 2 A GeV. The results show the null effect. Results of 
Beri et al (46) also show the null effect. They have performed 
13 : 
40 their experiment with Ar beam at 1.8 A GeV and studied the 
behaviour of Z = 2 fragments. Recently Ahmad et al (48) have 
12 
studied the anomalous behaviour of Z = 2 fragments from C-
emulsion collisions at-1:^ 3.7 A GeV and reported null effect. 
Many more workers also supported the nonexistence of anomalons 
in Z = 2 fragments. 
Anomalous behaviour of multicharged fragments (Z 2 3) 
have also been studied by many worker using different types of 
beams at different energies. Jain et al (47) in their experiment 
84 
with Kr (E —1.52 A GeV) analysed the data for the fragments 
of charge 15 <_ Z £ 36 and reported the positive effect. BCJJL 
40 
collaboration (46-49) using G5 emulsion and Ar beams at 
1.8 A GeV (3 1 Z £ 18) has reported null effect. Bannik et al 
(50) have analysed the fragments of charge 3 £ Z ^  10 from 
Ne-nuclei with momentum 4.1 A GeV/c and have reported null 
effect. Baroni et al (51) have also reported the null effect 
56 
of anomalons from Fe projectiles. Recently Jain et al (52) 
studied the secondary projectile fragments of charge 3 < Z <^ lA 
84 40 from collision of Kr and Ar nuclei with emulsion at 
1.52 A GeV and 2 A GeV respectively. Their results also show 
null effect. More recently Khan et al (53) have studied the 
12 
anomalous behaviour of multicharged fragments from C-emulsion 
collisions. They reported that projectile fragments from the 
peripheral collisions show anomalous behaviour. Thus, presently 
there is no conclusive evidence about the existence or non-
existence of anomalons. 
: 14 
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CHAPTER-II 
EXPERIMENTAL TECHNIQUE 
2.1 Introduction 
Emulsion is used to detect charged particles and at the 
same time it measures their energies. A nuclear emulsion 
comprises of two groups of nuclei, viz, a light nuclei group 
of H, C, N, 0, S etc., commonly known as gelatine, and 
other of heavy nuclei of halides (mainly bromide). Normally, 
the emulsion also contains some water. Glycerine is used as 
plasticizer to prevent it from breaking. 
The concentration of silver halLde determines the sensitivity 
of the emulsion. The sensitivity of the emulsion should be such 
that it gives sufficient grain density, the number of grains 
per unit path length, for the detection of a particle. If the 
emulsion is too sensitive, the grain density is so large that 
individual grains cannot be resolved. It happens usually with 
high Z-particles. In such cases, one may partially develop the 
emulsion which enables one to use the grain density as a 
measurable parameter. 
When a particle of charge ze and mass M traverses a 
medium of atomic number Z and mass number A, it excites and 
ionizes the atoms of the medium due to coulomb interactions. 
This results in loss of energy of the incident particle. The 
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rate of energy loss dE per unit length dx traversed is 
given by 
2 
dE _ 4TI NZ Z^ e"^  r, (J_J!le_\^ a'^-] (^ n 
^^ m® v^ A I(l-p ) 
where v is the velocity of the particle, p = v/c, N is 
the number of atoms per unit volume (Avo^adro's number) of the 
stopping material, I is the mean ionization potential and m , 
is the mass of the electron. It is clear from equation (2.1) 
that the energy loss does not depend on the mass M of the 
incident particle. It is only a function of its velocity and 
charge. The logarithmic term varies only slightly with v. 
2 2 
The energy loss is proportional to z /v and to Z/A to 
an approximation at low velocities (v << c), 
2.1.1 Advantages and disadvantages of emulsion 
Nuclear emulsion is a visual detector with a number of 
advantages as well as limitations. The most important feature 
of emulsion is its high spatial resolution. It has high density 
and high stopping power, about 1700 times the stopping power of 
standard air. Due to this, many short-lived particles can be 
brought to rest in emulsion, before they decay. Sensitivity of 
an emulsion could be changed according to the requirement of 
the experiment. The nuclear emulsion being light as compared 
to other detectors has served very well the need of cosmic ray 
experiments. 
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Beside these, the nuclear emulsion has some disadvantages 
also. They require special dark room processing and very careful 
handling before development. In emulsion, charge identification 
of particle tracks is not very precise. Further, data collection 
is time consuming. In a given time one can collect many times 
more data with other detectors such as Cerenkov detector. 
2.2 Processing of the Nuclear Emulsion 
When a charged particle passes through the nuclear emuslion 
it interacts with the silver halide grains which leads to their 
ionization. The latent image of the particle is thus formed 
along its path in emulsion which on developing under suitable 
conditions yields a series of black points, known as the track. 
The track is the signature of the charged particle responsible 
for its formation. Mainly two methods for development are used 
which are described in the following paragraphs. 
2.2.1 Cold development method 
This method is used for the development of emulsion of 
moderate thickness. In this method a slow developer with a 
long induction time is chosen. Standard X-ray film developer 
such as D19 is suitable for thickness upto 100 ^ m. This 
method can be extended to thicknesses upto 400 |im by further 
slowing down the developing action through reduction of temperature 
to 4 C. This method is discarded because the variation of grain 
density with thickness is large. 
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2.2.2 Temperature development method 
This method is widely used and can be used for the 
development of emulsion having thickness upto 2000 iim. A 
developer is chosen whose chemical effects are more reduced 
at low temperature than is its diffusion speed. Therefore, the 
developer is allowed to diffuse evenly through the emulsion at 
about 5 C. Then the emulsion is taken out of the bath and 
0-, 
allowed to heat up, e.g., to 28 '-'• At this temperature the 
development takes place. After development the emulsion is 
put in a fixer. The fixer dissolves all the undeveloped grains, 
but rt?^s not affect developed ones. The thickness of the emulsion 
is reduced due to the removal of undeveloped grains. This is 
called the shrinkage. After fixing, the emulsion is washed and 
then dried. The array of the developed grains forms the track 
of the charged particle. 
2.3 Scanning 
The process of searching events (stars) in emulsion is 
called scanning. This search for events is done in two ways, 
namely Area scanning and Line scanning. 
2.3.1 Area scanning 
Area scanning involves searching microscopically through 
a given volume of emulsion for events, field of veiw by field 
of veiw. Each field is scanned throughout its depth, from one 
surface to the other*. Area scanning is useful when the primary 
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particles enter over a wide solid angle; when they have a large 
energy spread; for investigating the behaviour of neutral 
particles; when a large population of certain easily noticed 
events (stars or decays), is wanted. 
The area scanning is considerably faster than the line 
scanning, but except in special cases the efficiency for finding 
events with small N. and n is poor. 
2,3.2 Line scanning 
When emulsion pellicles are exposed to a parallel beam 
of particles and also nearly parallel to the surface of the 
emulsion such that the beam particles enter from one emul«?ion 
edge (called the leading edge) perpendicular to it and leave 
the opposite side edge of the emulsion, the line scanning is 
carried out. In this method, a primary track is picked up at 
the scan line as it enters the stack. The track is examined 
to ensure that it does not interact before the scan line and 
followed until it interacts or leaves the pellicle. 
The line scanning is effective in the following conditions 
of exposure: (i) The flux of beam is not dense and spread up 
throughout the leading edge, (ii) The available length for the 
traversal of the beam is large, (iii) The beam does not dip much, 
i.e., it traverse a considerable length of pellicle in case the 
beam particles do not interact. 
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2.4 Track Parameters and their Measurement 
2.4.1 Range 
The distance traversed by a charged particle in the 
unprocessed emulsion, with initial kinetic energy E , before 
coming to rest is given by 
R = / ° ^  . (2-2) 
He 
where - •g^  represents the rate of energy loss of the particle. 
However, in emulsion work generally the residual range is used. 
The residual range is defined as the expectation value of the 
path length required to bring the particle to rest. In fact, 
the quantity which is measured experimentally is subject to 
statistical error because of the straggling. 
As already mentioned that the particle's range is the 
length of its path in unprocessed emulsion, the shrinkage and 
other distortions which emulsion undergoes during its processing 
affect the particle's range. Therefore these effects must be 
taken into consideration while computing the true range. 
It is found that the unmounted pellicles may suffer both 
lateral and vertical shrinkages. However, only the vertical 
shrinkage is taken into consideration while computing the range. 
The vertical shrinkage factor S is given by 
S, = T. . (2.3) 
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where t and t' are the thicknesses of the emulsion before 
and after the processing respectively. The quantities that 
are measured are the dip and the length of the projection of 
track on the plane of the emulsion. In an ideal case of a 
strictly straight track, the true range is given by 
0 0 0 ^/ 
R = (L^ + S^ A ^ ) , (2.4) 
where L is the length of the projection of the track in the 
XY - plane passing through the origin and A- is the dip 
with respect to the XY - plane. 
In practice the path of a particle is not straight because 
of coulomb deflections that it suffers during its motion. The 
track is then divided into a large number of straight segments. 
The length of any segment say, ith, will be equal to the true 
length of the track. Thus the range may be calculated by using 
the relation 
n ^ 0 0 -^ /^  
R = E (LT + S^ A.1.) , (2.5) 
I 
where n is the number of segments into which track has been 
divided. 
2.4.2 Scattering 
When a charged particle traverses a medium it suffers 
frequent small angle deflections as a result of coulomb interactions 
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with nuclei of the medium. The degree of deflections, i.e., 
the change in the direction of motion of the particle is termed 
as the scattering of the particle and depends on the mass, 
charge and energy of the particle. For quantitative study of 
scattering the following two methods can be used. 
2.4.2.1 Angular method 
In this method (1,2) the average directions of successive 
segments of the track are obtained by allowing a straight line 
to pass as closely as possible to the centres of gravity of the 
grains in each segment. In absolute value, the angle projected 
in the plane of the emulsion between alternate segments is the 
arithmetic mean of these angle |0 j computed. 
avg 
2.4.2.2 Sagitta method 
In this method (3) the distance of the track from a 
straight reference line is determined at regular intervals. 
The mean second difference between these distances is found to 
be proportional to the mean angle between successive chords to 
the track, |© | • From Gaussian approximation, it may be 
^ avg. 
proved that the mean angles |©J and |© 1 are respec-
avg avg 
tively 0.96 n^^^ and {2.%/3)^''^ times the root mean square 
angle of scattering ©^ in the length of one segment. 
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avg avg ^ 1/-^  
= (|) e^, (2.6) 
0.96 11^ /2 (2ii/3)^ /2 
o 
where d is the length (in g/cm ) of one segment. Since 0 
is inversaly proportional to pp 
E 2 
2 e 1 
^•®'' ®s ° ^pcp ^ "x^ • 
One can write 
where D is a constant which depends on the composition of the 
emulsion. Knowing all the quantities, pp of the particle 
can be computed. 
2,5 Ionization 
The ionization caused by a particle may be estimated by 
measuring one of the following quantities on the track of the 
particle. 
(l) Grain density, (2) Blob density, (3) Blob and gap, 
(4) Integral gap length, (5) Mean gap length, (6) Delta rays, . 
and (7) Track width. However, we will discuss only those 
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measurements which have been used for identification of 
particles in our experiment. 
2.5.1 Grain density 
The track of a particle in emulsion appears as minute 
trails of silver grains per unit length, termed as the grain 
density, is found to be a reliable parameter for estimating 
the ionization caused by the particle. However, the grain 
density g, in a track, corresponding to a particular value of 
ionization depends on the degree of development of the emulsion. 
For accurate results, it is therefore necessary to determine the 
ratio, g , of the observed grain density, g, to the corresponding 
value, g , on the track of any other particle of charge e 
moving in the same emulsion with relativistic velocity. The 
normalization is best made by choosing the comparison track of 
a relativistic particle in the same region of the emulsion. 
2.5.2 Blob density 
If the velocity of the particle is not too large, some 
of the. grains in the track are clogged together to form blobs 
(groups of grains). The grain counting on such a track is 
difficult because the true number of grains is uncertain. In 
such a case the number of individually resolved groups of grains 
is counted without discriminating between them or attempting to 
estimate the number of grains in the clusters. The value of 
ionization in such a case is obtained by the following expression 
B = g exp(-ag). (2.8) 
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When the ionization is determined by blob counts alone, the 
statistical error in the measurements is calculated as 
g f^ "TP-gT 
In fact, for low values of g the above relation would tend 
to have the form 
^ ^ - — Z (2.10) 
B 
2.5.3 Blob and gap method 
When the velocity of the particle is small the grains 
are frequently formed close together and their true number 
becomes uncertain. In such cases, the blob and the gap method 
is used for estimating the ionization. A blob is defined as 
single grain or a cluster of grains with no gap visible between 
them, and the length of a gap is defined as the distance between 
inside edges of two neighbouring blobs. 
The method is based upon the fact that gap lengths have 
an exponential frequency distribution for widely different 
values of specific ionization. The density, H, of the gaps 
exceeding length L and the blob density, B, are related by 
H = Be"^^, (2.11) 
where H and B are estimated from their numbers per unit 
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path lengths. Fowler and Perkins (7) have shown that the 
coefficient g of exponential is a good measure of the 
ionization of the track. The value of g can be determined 
in the following way. 
If H, and H2 are the number of gaps of length 
exceeding L, and L2 per unit length of the track respectively 
then 
g = L ^ L logg ("1/H2). (2.12) 
Fowler and Perkins (7) have also given a relation connecting 
the blob density B to g in the form 
B = g e""5, (2.13) 
where a is a parameter which is dependent largely on the 
average grain size, the optical resolution of microscope and 
the convention adopted by the observer. 
2.5.4 Delta ^ay density 
A charged particle loses a very small fraction of its 
energy in a single collision with an atomic electron. The 
energy transferred to atomic electrons in a single encounter 
2 2 lies between zero and 2 m S /(1-p ), where m is the mass 
of the electron and p is the velocity of the particle. Some 
of these electrons are energetic enough to produce secondary 
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ionization. The result is a series of short tracks, branching 
out of the main track. These secondary tracks are known as 
delta rays. The number of collisions in which the energy 
transferred to electrons is greater than a minimum value r|, 
i.e., the delta ray density, n is given by 
n^ = KZ^f(p), (2.14) 
where K is a constant and Z is the charge of the particle. 
Hence, the total number of delta rays on the track between the 
point where the particle velocity is pc and the point where 
it comes to rest is 
R 
N^ = / n^aR, (2.15) 
o 0 o 
The quantity N^ is known as the integral number of delta rays. 
o 
2.6 Identification of Particles 
The identification of a particle means the determination 
of its mass, charge, momentum and energy. It is obvious that 
the determination of only one parameter cannot solve the problem 
of identification of the particle. In emulsion, the particle is 
identified by using a pair of parameters. When the ionizing 
particle comes to rest in the emulsion, a measurement of its 
range together with a determination of either the grain density, 
the scattering or the delta ray density along the track leads to 
the identification of the particle. The grain density range 
30 : 
combination is the best as the measurement of the grain density 
involves minimum statistical error. 
2,6.1 Mass determination of singly charged particles from 
range and grain density 
The grain density, dN/dR and the range, R of a singly 
charged particle are related as 
which on integration gives 
N = mF(|). . (2.16) 
Thus if on two tracks of particles A and B, we find points 
A "^ ^ B 
where the grain densities are equal, i.e., (^) = i-^) » 
we can write 
m^ m^ 
(2.17) 
where R. and R- are the residual ranges of particles A and 
B, respectively. If the mass of one particle is known and the 
residual ranges of both are measured, the mass of the unknown 
particle can be estimated. 
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2.6.2 Identification of multiply charged particles from 
range and delta-ray density 
In the track of a multiply charged particle, the grains 
are too close to be counted and hence grain density-range method 
cannot be used for the identification of the multiply charged 
particles. In such cases, the charge of the particle can be 
determined by counting the number of delta-rays per unit length 
at different points of the track and plotting these number of 
delta rays against residual range. The theoretical curves 
giving delta ray density (from equation 2.14) as a function of 
range for different values of Z are also drawn on the same 
graph. By comparing the experimental points with the theoretical 
curves the charge of the particle can be estimated. The theore-
tical curves between n> and R as given by Bradt and Peters 
(2) are shown in figure (2,1), 
2.7 Angle Measurements 
2.7.1 Projected angle 
To measure the space angle of a track with respect to 
the primary, its projected angle in X-Y plane with respect to 
the primary direction is measured. It can be directly measured 
by goniometer having least count of 0.25° under high magnification. 
One of the eye pieces of microscope is replaced by goniometer. 
The vertex of the collision is focussed at the centre of gonio-
meter. Now secondary tracks are aligned one by one with the 
other reference line and the goniometer scale reading is taken 
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0-01 
1 10 
Fig. 2.1 Delta ray density Range. 
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for the projected angle with respect to the forward direction of 
the primary beam. 
2.7.2 Dip Angle 
In processed emulsion, if AZ be the di f ference between 
Z-coordinates a t two points on a track separated by a dis tance 
AX, then the angle 
®d = ^^^ ^-S)() 
is called the dip of that part of the track. The dip in the 
unprocessed emulsion is given as 
«d - *» - ' (^^^r^) . 
where S.F is the shrinkage factor of the emulsion. Thus the 
dip angle of a track is calculated by measuring the Z-coordinates 
of two points on the track separated by a known distance. 
2.7.3 Space angle 
Once we know the dip angle and projected angle with 
respec t to X-axis in the XY-plane, the space angle of the track 
can be ca lcu la ted using the expression 
9g = Cos"-'" (Cos Gp . Cos e^) . (2.18) 
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when the angular separation between the tracks in the forward 
cone is very small, it is difficult to measure the projected 
and dip angles due to overlapping of tracks. In such cases, 
the X,Y,Z co-ordinates have to be measured. To measure the 
angle, first the beam track of star is aligned parallel to 
the X-motion of the microscope. The vertex of the star is 
focussed and the Z-reading gives the A Z reading of the 
projected length A X. The number of fields of view shifted 
gives the A X reading for measured A Z reading, A Y reading 
is taken from the eye piece graticule scale for a segment A X . 
Similarly, the A Y and A Z readings for each track of the star 
are taken. The projected angle and dip angle are given by 
9p = tan"^ (~|) (2.19) 
and 
©d = tan-^ (S.F^x A Z ^ ^2.20) 
The space angle is then determined by using relation (2.18). 
This method is tedious and used only when the angular separation 
between the tracks is very small. 
2.8 Classification of Tracks 
The secondary particles are classified into different 
categories according to the following criteria: 
: 35 : 
(i) Shower(s) particles with relative ionization Q/QQ < 1»4, 
where g is the plateau Ionization. 
0 
(ii) Grey (g) particle with a range in emulsion L 2 3 mm and 
1.4 £ g/g < 10 and having a dip angle 0^ < 30°. 
(iii) Black (b) particles with a range in emulsion L < 3 mm 
J 2 10 ^^^ having dip angle 0 , and g/g ^^ " ^ , < 30°. 
The grey and black particles are collectively called the 
heavy particles, i.e., ^h ~ "^a "^  "b* ^° take into account the 
grey and black particles with 0. < 30°, a geometrical weight 
factor W is attached to each grey and black particle such that 
W = 1 J when 150° 1 6 £ 30° 
otherwise 
W = ^ 
2 Sin"-^  (Sin 30°/Sin 0) 
where 0 is the space angle. 
2,9 Present Experiment 
In the present investigation an emulsion stack comprising 
of 40 plates of BR-2 emulsion each of dimensions 18.7x9.7x0.06 cm 
and exposed to 54 GeV/c Carbon beam from Synchorophasotron at 
JINR Dubna (USSR) has been used. The tracks were picked up at 
3 mm from the entrance side of the track and were followed 
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backward in order to be sure that they did not come from 
previous interactions. All the tracks thus picked up were 
followed untill they interacted or left the stack. The 
scanning efficiency was nearly 100 percent and we picked up 
almost all events having a difference between the charge of 
projectile and principal projectile fragment at Z j< 2. 
One prong events with a deflection angle of secondary track 
less than 3° and without visible tracks from excitation or 
disintegration of the projectile and/or the target nuclei were 
due to elastic scattering and were rejected. 
A total of 4587 inelastic interactions of Carbon were 
picked up by following 63254.74 cm of primary track length, 
leading to mean free path A = (13.79+0.25) cm. Out of these 
700 interactions were picked up without any bias for the final 
analysis. Interactions which were within 30 tim from the top 
or bottom surface of the emulsion were not considered for the 
final analysis. 
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CHAPTER-III 
GENERAL CHARACTERISTICS OF ^^C-Em COLLISIONS 
3.1 Introduction 
The interest in high energy nucleus-nucleus collisions has 
greatly increased during recent years. This is mainly due to 
the fact that theoreticians have realized the importance of 
these processes as an essential source of information about the 
hadron collision dynamics (1-3). Also, the interest in this 
field stems from the possibility that during collisions at high 
energy, heavy nuclei may be compressed to more than their normal 
density. This compression of nuclei may result in density 
isomers, or quasi-stable state's existing at other than normal 
nuclear density (4-8). 
The aim of the present experiment is to study the general 
12 
characteristics of C-Em at 54 GeV/c. Using a sample of 700 
events, the multiplicity distributions of shower, grey, black, 
and heavily ionizing particles have been studied. Angular 
distributions of charged secondaries have also been studied. 
The results obtained are compared with the data at nearly the 
same incident momentum per nucleon from proton-nucleus and 
nucleus-nucleus collisions in order to trace the dependence of 
various parameters on the projectile and target mass. With a 
view to testing the validity of factorization of fragmentation 
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observed in inclus ive experiments, the m u l t i p l i c i t i e s of 
12 fragments in d i f f e r en t t a rge t groups of C-Em c o l l i s i o n s 
have a lso been s tudied . Our data ind ica te t ha t the p r inc ip le 
of f ac to r i za t i on has only a l imited region of a p p l i c a b i l i t y . 
3.2 Mean Free Path 
In the present experiment, the value of mean f ree path, 
A o f C-nuclei in emulsion i s found to be (13.79+0.25) cm. 
This value compares well with (13.20+0.03) cm obtained by 
12 
Dipak Ghosh et al (9) for the C at the same incident momentum, 
12 (13.70+0.30) cm by El-Nadi and Toneev (10) for C at incident 
momentum 4.2 A GeV/c and (13.80+0.50) cm obtained by Heckman 
12 
et al (11) for C at 2.1 A GeV. Fig. 3.1 shows the experimental 
values of the mean free paths of various projectiles in nuclear 
emulsion as a function of their charge, Z. Data points for the 
1 4 14 16 projectile H, He, N and 0 have been taken from the 
works of Chernov et al (12) and Heckman et al (11) and for 
Fe from the work of Mangotra et al (13). The dependence of 
the mean free path of a projectile on its charge can be paramete-
rized with the help of the following relation 
•^ z =Az'"^ (3.1) 
Here '^z is the mean free path of the projectile of charge Z 
and /\ is the charge independent mfp. The experimental data 
fit well with Equaixon (3.1) for /\= 28.0+0.70, and b = 0.39+0.02, 
40 
N 
Fig. 3.1 Interaction mean free path, A z , of various 
projectiles in emulsion versus charge, z,of 
the projectile. The solid line represents 
the best fit to the data (Eq. 3.1 of the Text) 
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These values are in agreement with the corresponding values 
A = 30.4+1.6, b =0.44+0.02 of Friedlander et al (14), 
A = 28.1+0.8, b = 0.39+0.01 of Mangotra et al (13) and 
/\= 25.1+1.7, b = 0.34+0.03 of Barber et al (l5). 
3.3 Target Identification 
The exact target identification in any emulsion experiment 
is not easy as the medium is composed of H, C, N, 0,Ag and Br 
nuclei. However, various methods have been tried by several 
workers to identify the target in the emulsion both in the study 
of hadron-nucleus (16) and nucleus-nucleus (17) collisions. 
Statistically the classification of collisions with 
different target nuclei in emulsion can be done on the basis of 
the distribution of the heavily ionizing tracks, N, , which is a 
characteristic of the size of the target. Usually the events 
with Nu <. 1 are taken to be from H targets, events with 
2 <. Nj^  <. 7 from CNO targets and events with N^ 2 ^ r^o"» AgBr 
targets. However, this method is suitable for heavy nuclei 
induced collisions than in collisions induced by light nuclei 
or singly charged particles (15). Since our investigation 
demands event by event identification, we have employed the 
distribution of short range track to identify targets for events 
with N^ < 8. 
Following Jokobsson and Kullberg (17), we have adopted 
the following criteria for the separation of targets: 
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AgBr events: ^h ^ "^  °^ ^h - ^ ^"^ ^^ least one track with 
R £ 10 urn and no track with 10 < R < 50 ^ m. 
CNO events: 2 ^  N. £ 7 and no track with R £ 10 \im. 
H events: N, = 0 or N. = 1 but not falling in any of 
the above categories. 
In table 3.1 we have presented the percentages of 
different kinds of events in collisions produced by various 
projectiles. It shows that the percentage of events decreases 
in the case of collision with light target nuclei (CNO) as the 
mass of the projectile increases. However, in the case of 
collisions with heavy target nuclei (AgBr), the percentage of 
events increases as the projectile mass increases. 
3.4 Multiplicity of Secondary Particles 
Multiplicity is a useful parameter in the study of the 
multiparticle production process in high energy collisions. It 
serves as one of the sensitive tools for checking the predictions 
of different phenomenological and theoretical models. 
3.4.1 Mean multiplicity 
We have presented the mean multiplicities of shower, 
grey and black tracks in table 3.2 and a comparison is made 
with the similar results from collisions of various projectiles 
with emulsion. It can be seen from table 3.2 that multiplicity 
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of n, remains practically unchanged for different projectiles 
ranging from proton to iron, indicating the approximate equality 
of the residual nucleus excitation. While <n > increases with 
the mass of the projectile and can be explained in terms of the 
fire ball model (18). According to the model, the grey particles 
come from the participant volume and the number of participant 
nucleons increases as the volume of the cylinder cut in the 
target by the projectile increases. This volume increases with 
the increase in the mass of the projectile and consequently the 
average number of grey particle increases. Figure 3.2 shows the 
dependence of <n > on the mass of projectile. The dependence 
can be described by a relation of the type 
<n > = Const. A , 
where the best fit value of a is (0.32+0.09) 
3.4.2 Multiplicity distribution 
Figure 3.3(a,b,c,d) shows the multiplicity distributions 
12 
of shower, grey, black and heavy particles from C-Em collisions 
at 54 GeV/c together with those from p-Em and a-Em collisions, 
from the figure it follows that ". 
(i) The n distribution changes most strongly with the 
increase in projectile mass its broadness substantially 
changes its shape. The contributions from small values 
: 46 : 
MASS OF THE PROJECTILE 
Fig. 3.2 The average multiplicity of grey 
particles as a function of the 
mass of the projectile A. The 
solid line shows the relation 
<n > = Const. A . 
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of n decreases as the projectile mass increases. 
12 (ii) The n .(distribution of C-£m collisions has a tail 
upto 41 and differs significantly from those for p-Em 
and a-Em collisions. 
(iii) Although <'"»h> is roughly the same for p-£m, a-£m and 
12 
C-Era collisions, the shapes of n. distributions are 
12 different. The n. distribution for C-cm collision is 
enriched by small and large values of n, . 
12 (iv) There is a dip in the N. distribution for C-Em 
collisions at N. i^ 3-4. A similar result was obtained 
by Chernov et al (12) in their experiment with N-Em 
at 2.1 A GeV/c. 
3#5 Dependence of Multiplicity and Angular Separation on the 
number of Interacting Projectile Nucleons 
It is interesting to study the dependence of several 
characteristics of multiple production on the number of projectile 
nucleons interacting with the target (m) w*iich is one of the 
basic parameters of superposition model wherein a nucleus-nucleus 
collisions is described as a superposition of nucleon-nucleus 
collisions (19,20). The value of 'm' can be obtained in SL 
crude way by the relation m = 12-2Q, where Q is the total 
charge of non-interacting projectile f ragments ;»i.e. , Q = N .Z., N. 
is the number of fragments with charge Z.. The minimal value 
of Q is 
: 52 : 
where n^ is the number of fragments with fixed Z. For our 
12 
C-Em collisions, the average value of m is found to be 
7.45. 
In figure 3.4(a-d) we present the dependence of the mean 
multiplicities of all types of secondaries on 'm'. It is found 
that the mean multiplicities of all types of secondaries increase 
monotonically with 'm': For <n > this growth is close to be 
linear one. The mean multiplicity of shower particles per 
interacting nucleon <n >/m is approximately constant and is 
equal to 1.29+0.02. It compares well with 1.63+0.02 observed 
for p-Em collision at 4.5 GeV/c (21) and 1.1 for "^^ N-Em at 
2.1 A GeV/c (l2). 
3.6 Angular Distributions of Secondary Particles 
The angular distribution of shower particles produced in 
1 0 
C-Em collisions at 54 GeV/c is shown in fig. 3.5(a). For 
comparison prupose, we have plotted there also the angular 
distribution for p-Em at 3.0 GeV/c (22) and a-Em at 2.1 A GeV/c 
(23). These distributions are similar except at small angles 
where a contribution of singly charged fragments enhances the 
number of shower particles. The angular distributions of grey 
and black particles are shown in fig. 3.5(b,c) respectively. 
As can be seen from these figures, there is no dependence of 
these distributions on the mass of the projectile. This 
indicates that the production mechanism of heavy particles is 
probably the same in p-nucleus and nucleus-nucleus collisions. 
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It can be seen that these distributions do not exhibit any 
peak that could be attributed to the shock wave phenomena 
(24-26, 9). 
3.7 Multiplicity of Projectile Fragments 
Berkeley group (27-29) using a spectrometer, studied the 
4 12 14 
single particle inclusive spectra of fragments of He, C, N 
and 0 at 2.1 A GeV/c, emitted near 0° and found that the 
fragmentation cross sections could be factorized into projectile 
and target related parts. In another words, the charge compo-
sition of projectile fragments does not depend on the mass of the 
target. 
Data on multiplicities of fragments of different charges 
12 in different target groups of C-Em collisions are presented in 
tables 3.3 and 3.4. It can be seen from the tables that the 
multiplicity of fragments decreases as the charge increases. 
Also for fragments of given charge, the multiplicity decreases 
with increasing mass of the target. Thus the composition of the 
fragments depends considerably on the mass of the target. This 
is a violation of the principle of factorization. It was also 
observed by the Berkeley group that the ratios of different 
cross sections for the production of fragments near 0° in the 
different target are constant and approximately equal to the 
ratios of the geometrical cross sections. The result presented 
in table 3.5 again contradict this statement. 
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Table 3.4 
12, Average composition of p r o j e c t i l e fragments in C-Em Col l i s ions 
at 54 GeV/c 
M u l t i p l i e d 
R a t i o 
<Nz=2> 
<\=l' 
<'^ z>3> 
<'^z=l> 
<'<z>3> 
<Mz=l> 
•ty 
H 
Target Nucleus 
CNO AgBr 
1.32+0.20 
1.34+0.02 
0.10+0.01 
0.87+0.05 
0.29+0.03 
0.34+0.03 
0.28+0.03 
0.08+0.02 
0.2840.03 
Table 3.5 
The ratio of the average multiplicities of Projectile fragments 
for different target combinations 
<N2>CN0 <UpkqBT <N >AgBr z 
f r a g m e n t s 
1 
2 
> 3 
, <N,>H 
1 . 0 1 + 0 . 1 0 
0 . 6 6 + 0 . 0 3 
2 . 2 2 + 0 . 9 0 
<N^>H 
0 .78+0 .OB 
0 . 1 7 + 0 . 0 3 
0 . 4 6 + 0 . 0 6 
<N >CNO 
z 
0 . 7 7 + 0 . 0 5 
0 . 2 5 + 0 . 0 4 
0 . 2 1 + 0 . 0 9 
60 : 
Thus our results on the multiplicities of fragments from 
the fragmentation of carbon nuclei in emulsion at 54 GeV/c show 
that the factorization observed in electronic experiment for 
fragments emitted near 0° has a restricted region of applica-
bility, it is broken in an emulsion experiments wherein the 
total cross section is measured. Similar results have been 
obtained in case of N and Fe projectiles (30-32). 
Figure 3.6 shows the multiplicity distributions of 
Z = 2,3 and 2 ^ fragments. Our multiplicity distributions 
are in agreement with the corresponding distributions from 
^ N-Em at 2.1 A GeV (12). Hence one can say that within this 
short range of energy, the projectile fragmentation is energy 
independent. Further, we have not found even a single event 
emitting two fragments with Z - 3, Hence the upper limit of 
-3 
the production cross section of such events is 1.43x10 of 
the total reaction cross section. The corresponding values 
obtained by Jakobsson et al (33) and Judek et al (34) are 
-3 -3 
respectively 3.7x10 and 1,3x10 
It would be interesting to investigate the dependence of 
the average multiplicities of fragments, <N > on the mass of 
the projectile.|n fig. 3.7(a-c),<N > is plotted against A, the 
mass number of the projectile, for fragments with charge Z = 1,2 
and 2 3* Data on the other projectiles have been taken from 
(28, 14, 35, 36). An expression of the type <N > = Const, A" 
can well describe the dependence. The best fit values of a 
; 61 : 
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Fig. 3.7(a) The dependence of the average multiplicity 
of projectile fragments of charge Z = 1, 
on the mass of the projectile, A. The 
solid line represents the relation 
<N2> = Const, A". (See Text). 
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are (0.75+0.38), (0.49+0.08) and (1.26+0.02) for fragments 
with charge Z = 1,2, and 2 3 respectively. 
3.8 Conclusions 
12 
The analysis of the data from C-Em collisions at 
54 GeV/c has been done with a view to studying the general 
12 
characteristics of C-Em collisions. The result are systema-
tically compared with relevant data from colisions of other 
projectiles with emulsion at different energies. Following 
conclusions are drawn from the systematic study. 
(i) The charge dependence of the mean free path of the 
projectile can be parameterized as A =AZ"" , where the 
fitted values of A and b are 28.0+0.70 and 0.39+0.02 
respectively. 
(ii) The mean multiplicity of black particles <^^> does not 
depend on the mass of the projectile. However, the mean 
multiplicity of grey particles <^a> depends on the mass 
of the projectile. This result can be explained on the 
basis of the fireball model. 
(iii) It is found that the average multiplicity of grey particles 
increases with the mass of the projectile and the dependence 
can be described by a relation of type <n > = Const. A^. 
(iv) The average number of interacting nucleons of projectile 
12 is found to be 7.45 in the case of C-Em collisions and 
the mean multiplicity of shower particles per interacting 
: 66 : 
nucleon is found to be approximately the same as the mean 
multiplicity of shower particles per interacting nucleon in 
14 p-Em and N-Em collisions. 
(v) The angular distributions of shower, grey and black 
particles do not depend on the mass of the projectile. 
(vi) The angular distributions of grey and black particles 
show no significant peaks which could be attributed to 
the shock wave phenomenon. 
(vii) The average multiplicities of projectile fragments have a 
weak dependence on the mass of the target. 
(viii)The principle of factorization observed in electronic 
experiments does not hold under the condition of 41:-
geometry. It means that the fragmentation of the 
projectile nucleus cannot be described in terms of the 
participant and spectator model. 
(ix) The average multiplicities of fragments of all charges 
are found to increase with the mass of the projectile and 
the dependence can well be described by a relation of type 
<N^> = Const. A**. 
: 67 : 
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